Abstract We report on direct measurements of the energy dissipated in the spinup of the superfluid component of 3 He-B. A vortex-free sample is prepared in a cylindrical container, where the normal component rotates at constant angular velocity. At a temperature of 0.20 T c , seed vortices are injected into the system using the shear-flow instability at the interface between 3 He-B and 3 He-A. These vortices interact and create a turbulent burst, which sets a propagating vortex front into motion. In the following process, the free energy stored in the initial vortexfree state is dissipated leading to the emission of thermal excitations, which we observe with a bolometric measurement. We find that the turbulent front contains less than the equilibrium number of vortices and that the superfluid behind the front is partially decoupled from the reference frame of the container. The final equilibrium state is approached in the form of a slow laminar spin-up as demonstrated by the slowly decaying tail of the thermal signal.
Introduction
Turbulence in superfluids is characterized by interactions between quantized vortex lines, their tangling, and reconnections between the vortices. In a container rotating at constant angular velocity, the turbulent motion of a superfluid can be triggered by applying a sudden sufficiently strong flow perturbation. Eventually the turbulence will decay as the superfluid achieves equilibrium solid-body rotation. In some cases this is achieved via a process which displays steady-state turbulent motion. An example is a turbulent vortex front which propagates at a steady velocity in 3 He-B along a long rotating tube. 1 In 3 He-B, the normal component is 1:O.V. Lounasmaa Laboratory, P.O. Box 15100, FI-00076 AALTO, Finland Tel.:+358 50 344 2483 E-mail: jaakko.hosio@aalto.fi practically always clamped to corotation with the container. At low temperatures, this happens such that the dilute gas of of ballistic thermal quasiparticles follows the rotation of the container via diffusive scattering from the container walls.
At finite temperatures, the quantized vortex lines mediate the interaction between the superfluid and the normal components via the mutual-friction force. This arises from the scattering of the thermal excitations from the vortices moving with respect to the rest frame of the normal fluid. These interactions provide dissipation, couple the superfluid component to corotation with the normal fluid, and thus, suppress turbulence provided the normal fluid density is high enough. The equation of motion for the vortex-line segment is obtained from the balance of the Magnus and the mutual-friction forces. The velocity of a vortex-line element in terms of the superfluid counterflow velocity v n − v s , where v s and v n are the local velocities of the superfluid and the normal components, is given by 2
Hereŝ is a unit vector along the vortex line, while α and α ′ are the dissipative and the reactive mutual-friction parameters, which depend both on temperature and pressure. 3, 4 The stability of the flow is characterized by the superfluid Reynolds number Re α = (1−α ′ )/α. Typically, turbulence in bulk volume becomes possible if Re α is larger than unity, 5 while the exact critical value depends on the process and can be much higher. 6 The dissipation of vortex motion rapidly decreases with decreasing temperature, as the amount of the normal fluid is reduced exponentially in the T → 0 limit. However, reconnection-driven turbulent processes 1, 7 and surface interactions 8, 9 provide finite dissipation even in the limit of vanishing normal-fluid density. At length scales smaller than the inter-vortex distance, the kinetic energy is believed to be transferred to smaller scales in a cascade of helical deformations of individual vortices called Kelvin waves. 10 The energy is dissipated throughout the cascade owing to the mutual friction, and ultimately at the lowest temperatures, the cascade may terminate when Kelvin waves with a very short wavelength induce emission of bulk excitations: phonons in 4 He, 11 and fermionic quasiparticles in 3 He-B. 12 In Ref. 13 , we presented the first direct observation of these quasiparticles: Turbulence created in a steady-state propagation of a superfluid vortex front was measured calorimetrically (calorimetric measurements of decaying turbulence are reported in Ref. 14) . The thermal signal revealed that in the low-temperature limit, the superfluid component behind the front develops its own rotating reference frame, whose angular velocity is smaller than that of the container and is decreasing with decreasing coupling. Here we present an extension on those measurements. We describe the technical implementations of the bolometric measurements, discuss the energy balance of the superfluid spin-up and the effect of the triggering mechanism on the thermal signal, and present a phenomenological model to analyze the observed thermal records.
Superfluid vortex front
In a smooth-walled cylindrical container rotating at constant angular velocity Ω , superfluid 3 He-B can exist forever in the metastable vortex-free state, the so-called Landau state. In our experiments, we first prepare the vortex-free state at the velocity Ω , then inject some vortices to the system, and monitor how they move and interact. The ensuing dynamics of the expanding vortices demonstrate a variety of features in steady-state conditions, depending most prominently on temperature, but also on the rotation velocity and the configuration of the seed vortices. 15 At high temperatures, above 0.6 T c at 29 bar, the seed vortices expand along the container wall in a laminar fashion with the axial vortex-end velocity
obtained from Eq. (1), and the number of vortices is conserved. 16 At lower temperatures the injected vortices interact in a turbulent manner and create a large number of new vortices in a burst-like process. 17 The details of this turbulent injection process depend on the seed-vortex configuration and thus on the strength of the flow perturbation. 18 At low temperatures, the expanding vortices form a front, in which the ends of the vortex lines bend to the cylindrical wall of the container. The front precesses azimuthally at a lower angular velocity than the bundle behind it, and consequently, they both are twisted. 19 The effects of vortex curvature, both collective 20, 21 and the single-vortex effects, 22 somewhat reduce the propagation velocity V f of the front from that in Eq. (2) at temperatures down to T ≈ 0.45 T c . At still lower temperatures turbulent processes provide extra dissipation in addition to that from mutual friction and make the propagation faster than in Eq. (2) . 1 The front is one of the rare examples of steady-state turbulent vortex motion in the bulk volume that can be studied in experiments in the T → 0 limit.
Energy balance of superfluid spin-up
In the simplest model of front propagation, all the dissipation is concentrated in the thin core of the front, and the bundle behind the front contains the equilibrium number of vortices (2Ω /κ)πR 2 , where κ = 0.066 mm 2 /s is the circulation quantum. Thus, the core separates the non-rotating superfluid with v s = 0 from that in almost equilibrium rotation with v s ≈ v n = Ωẑ×r behind the front. To clarify how much heat is released during the axially propagating spin-up process, we write the energy balance per unit length of the cylinder
where Q is the released heat, E ini and E fin are the initial and the final values of the internal energy of the superfluid, and A is the work performed by external forces. The energy balance can be analyzed either in the laboratory frame or in the rotating reference frame.
Laboratory frame In the laboratory frame the relevant energy E is the kinetic energy of the superfluid per unit length. Thus E ini = 0 and E fin = E kin . For solidbody rotation at Ω this is given by
Here we neglect the thin vortex-free annulus next to the cylinder wall. The work performed by the motor driving the rotation is
where M is the torque and ϕ = Ωt is the rotation angle of the cylinder. Since the front propagates at constant Ω , the integral in Eq. (5) is
where ∆ L is the change in angular momentum across the front. The angular momentum of the rotating superfluid is given by
Thus A = 2 E 0 and the energy balance (3) takes the form Q + E 0 = 2E 0 . This gives the expected result
Rotating frame In the rotating frame the analysis of Eq. (3) is even simpler, because the motor work A = 0, i.e., the motor which rotates the cylinder, does not produce any work. The reason is that the walls with the clamped normal component do not move, the Coriolis force produces no work, and the centrifugal force is balanced by the pressure gradient. The relevant free energy is
where E kin , Ω and L are taken in the laboratory frame. Therefore, F ini = 0 and
The energy balance is given by Q − E 0 = 0 which is the same as Eq. (8).
As expected, the analysis in the laboratory and rotating frames gives the same answer, Q = E kin . This result is valid only because Ω is constant during our measurement and the normal component is corotating with the container. By measuring the velocity of the turbulent front, the dissipation is obtained as
A measurement ofQ provides a means to analyze the characteristics of the front motion. For steady-state front motion Eq. (9) gives the maximum possible rate of heat-release. In the following we will consider cases when the number of vortices behind the front is less than the equilibrium number and is modeled by the superfluid in solid-body rotation at angular velocity
Thus, the free energy in the rotating frame is given by
and the dissipation rateQ = −dF/dt is reduced compared to Eq. (9). As can be seen from Eqs. (9) and (10) the rate of the heat releaseQ depends strongly on the rotation velocity Ω . On the other hand, the temperature dependence of the signal below about 0.25T c is weak since the front velocity appears to saturate at the value of V f ≈ α eff Ω R where α eff ∼ 0.1 is an approximately temperature-independent parameter generated by the turbulence in the front. The front is triggered by manipulating the current in the barrier magnet in the middle of the sample volume. Either the current is decreased to make the interfaces of a pre-existing A-phase layer unstable or increased to create an A-phase barrier layer. Both methods lead to an escape of vortices to the B-phase sections and trigger turbulent bursts setting both upward and downward front propagation into motion. The front motion in the top section above the 0.75 mm orifice is monitored with two independent continuous-wave NMR detectors. The middle section, which is separated from the heat-exchanger volume with a 0.3 mm pinhole, houses two quartz tuning oscillators which are used for thermometry and for the bolometric measurement of the heat release.
Experimental techniques
In the sample setup of Fig. 1 , the motion of vortices and their distribution is monitored with two nuclear-magnetic-resonance (NMR) detector coils. The sample is divided in two sections of 3 He-B of the same length by a magnetic-field-stabilized layer of 3 He-A. The two 3 He-B sample sections above the 0.75 mm orifice can be organized to rotate around the cylinder axis at constant angular velocity Ω in the vortex-free Landau state. 23 Our thermal measurements of the front propagation are performed at 29 bar with Ω ranging from 0.8 to 1.2 rad/s. The volume above the 0.3 mm orifice with 5.85 mm inner diameter at 0.20 T c acts as a bolometer, an enclosure with a weak thermal link to the outside superfluid 3 He at much lower temperature T < 0.14 T c . The thermal response from the vortex motion in the uppermost volume is recorded as a temperature rise inside the bolometer with the quartz tuning fork oscillators in the middle section between the division plates. The lowermost volume, which is in in good thermal contact with the sintered-silver heat exchanger, is filled with an equilibrium number of vortices in the steady state of rotation.
Triggering front motion Our method to trigger the front motion relies on the socalled Kelvin-Helmholtz shear flow instability of the A-B interface. 24 The instability occurs at a well-defined critical velocity Ω AB (T, P) which depends on the magnetic stabilization field H b = H AB (T, P) and its gradient at the A-B interface. In our thermal measurements Ω AB is traversed by sweeping H b at constant rotation velocity. Prior to the instability event the A-phase slab contains rectilinear vortices which bend onto the A-B interface forming a vortex sheet, in which the vortices run radially to the cylindrical side wall. The instability causes some vortex loops to escape across the interface to the B-phase side. The loops interact and produce a turbulent burst, where a large number of vortices is created in a series of vortex reconnections. In the setup of Fig. 1 , the instability occurs simultaneously at both A-B interfaces setting both upward and downward propagating fronts into motion.
In one set of experiments Ω is chosen to be initially below Ω AB (H b ). The field H b is then swept down, whereby Ω AB decreases, until the instability builds up on the A-B interface. No signal is obtained of the instability event itself, but Ω AB is reproducible and has been determined accurately from separate measurements. The present temperatures are lower than in the measurements of Ω AB in Ref. 24 . Nevertheless, our values of Ω AB lie on straightforward extrapolations of the earlier measurements. Thus the moment, when the front is launched, is identified independently with good precision.
The second means of triggering is to start the experiment with no A-phase layer. When H b is swept up until A-phase formation starts, sudden vortex formation is triggered provided that Ω > Ω AB . The A-phase formation is accompanied by a sharp pulse of cooling which provides a convenient signal of the trigger. The cooling effect is later removed by subtracting the equivalent signal measured in the equilibrium vortex state at the same value of Ω .
Detecting front propagation with NMR
The arrival of the front to the end of the sample tube, and thus the velocity of the front, are determined by following the NMR signals of the two detector coils. In the vortex-free counterflow v s = 0 the maximum of the NMR absorption spectrum is shifted from the Larmor frequency f L to the so-called counterflow peak. With v n − v s = 0, i.e., when the sample is filled with an equilibrium number of vortices, the absorption maximum is close to the Larmor value. The height of the counterflow peak depends strongly on temperature 25 but is still sensitive to changes in the amount of counterflow at 0.2 T c as demonstrated in the top part of Fig. 2 .
In the bottom coil in Fig. 1 , the front is detected by tracing the NMR signal at the counterflow peak. The arrival of the front after ∼ 10 minutes from the trigger is seen as a decrease of the NMR absorption as shown in the bottom part of Fig. 2 . In the top coil operating at a lower value of the steady magnetic field (|γ|H/2π = 0.87 MHz), the front propagation is usually monitored using a nonlinear NMR mode, based on the condensation of magnons to the trap, created by the order-parameter texture close to the axis of the sample. The frequency shift of the magnon-condensate peak from the Larmor value depends on the trap profile and is a sensitive probe of the local counterflow. 26 Bolometric measurements of quasiparticle emission The energy dissipation is measured as a temperature increase across the thermal resistance of the bolometer orifice R T (T ) = (dQ/dT ) −1 . This resistance depends on temperature and on the so-called effective area A h of the orifice, which can be calibrated using one quartz tuning fork as heater and another as thermometer. Due to the Andreev reflection from the flow field created by the vortices in the volume below the bolometer, the value of A h depends on Ω . 27 Another way to obtain the power calibration is to measure the thermal time constant of the bolometer τ T = R T C, where C is the heat capacity of the 3 He-B in the bolometer. The uncertainty in the first power-calibration method arises from the uncertainty in the input-power calibration, while the temperature calibration of the thermometer has no effect. In the second method the situation is the opposite. The analysis in this paper is done using the first (traditional) calibration method. The second method gives ∼ 30% larger values for the dissipated power. We take this difference to represent an upper limit of the absolute uncertainty in the power measurements.
In Fig. 3 , an example of the bolometer response to a 1 pW heat pulse is shown. The noise level of the signal is about 0.1 pW , while fluctuations in its background level are 2-3 times larger at Ω = 1 rad/s. The thermal relaxation time is τ T ≈ 25 s, while temperature equilibrium within the bolometer volume is established in a couple of seconds. These times should be compared to the time which the fronts propagate from the A-B interfaces to the cylinder end plates, which is about 500 s, or to the total time 2000-3500 s, over which the thermal signal is recorded.
The thermometer fork is calibrated at T = 0.33 T c against the 3 He melting curve thermometer, which is mounted on the copper frame of the 3 He heat-exchanger volume. Lower temperatures are read by assuming the resonance width of the fork oscillator to be proportional to exp(−∆ /T ), where the superfluid energy gap ∆ ≈ 1.968 T c at 29 bar pressure is found by linear-in-density interpolation between the BCS value at zero pressure and the value measured in Ref. 28 at the melting pressure. 5 Thermal measurements Figure 4 shows an example of the thermal response of the bolometer after triggering the front motion at t = 0. The integrated absorbed energy of the cooling spike from the A-phase creation used as a trigger can be compared to the latent heat of the A-B transition measured at lower pressures by Bartkowiak and coworkers. 29 Based on the extrapolation of their measurements to the pressure of 29 bar, the volume of the created A phase should be about 60 mm 3 . This is in reasonable correspondence with the calculated shape of the two A-B interfaces when they are initially formed. 30 Direct measurement of the latent heat from the cooling spike is complicated by the additional dissipation connected with the quickly growing A phase. 31 The measured total heat release Q in Fig. 4 is less than in Eq. (8), roughly 70 % of E kin . We attribute this loss of heat to a combination of sources: uncertainty in the bolometer calibration, unaccounted heat exchange with the walls of the fused quartz cylinder, and low level of heat release at slow rate owing to a large relative share of the laminar response. Compared to the large and much shorter rectangular pulse, which an ideal turbulent front is expected to generate in steady motion according to Eq. (9), the detected small and slow triangular signal is remarkably different.
The substantial differences from the fully turbulent model of Eq. (9) indicate that laminar flow figures importantly in the thermal response. Qualitatively, this is seen as the bump at t ∼ 1000 s and as the following slow decay of the thermal signal. To quantify the significance of the laminar flow, let us use a simple model consisting of a turbulent front propagating axially, followed by purely laminar motion, where the vortices extend in spiral configuration from the cylindrical wall inward towards the center. We assume solid-body rotation of the superfluid component everywhere and at all times, i.e., v s = Ω s (z − V f t)ẑ × r. The steady-state profile of Ω s (z) is organized as follows: In the front itself Ω s increases linearly from zero to εΩ over an axial length w f : Ω s = εΩ (1 − z/w f ). The front is followed by a laminar tail where the relaxation is given by Eq. (11) represents the spin-up of Ω s from the initial velocity εΩ to the drive velocity Ω by the mutual-friction-assisted radial component of 2-dimensional spiraling vortex motion in the azimuthal plane with the time constant τ(T ) = [2 α(T ) Ω ] −1 . 6 This structure of vorticity is pushed through the cylinder at a steady velocity V f (Ω , T ) and thust = t − z/V f . The total free energy of the superfluid is calculated by substituting Ω s (z,t) into Eq. (10) and integrating over the length of the sample. Taking its negative derivative over time gives the dissipation rate. The dashed line in the inset of Fig. 4 is obtained by fitting the calculated dissipationQ(t) to the measurement by means of the three parameters (ε, w f , and V f ) using the measured bolometer rise time τ T and the mutual-friction parameter α(T ). 32 From the NMR measurements, we conclude that the peak of the thermal signal corresponds to the arrival of the front to the end plate of the cylinder. This fixes the front velocity V f . The narrow shoulder after the peak is a signature of the laminar relaxation, which limits w f . The division of the total energy dissipation in the turbulent front and in the laminar relaxation shows that the latter is 70 % in Fig. 4 and the bundle behind the turbulent front contains only ε = 0.34 of the equilibrium number of vortices. Thus, the superfluid behind the front is partially decoupled from the reference frame of the container.
The assumption that the superfluid is in solid-body-like rotation is a significant simplification. In reality, both the core of the front and the bundle behind it are twisted. Moreover, in the front vortices turn from the axial orientation to the plane perpendicular to the cylinder axis in order to end at the cylindrical boundary. In addition, comparison of the NMR signals measured when the front is within an NMR coil to the numerically-calculated spectra using model textures 33 shows that the vortex configuration in the front is not perfectly uniform in the radial direction. Nonetheless, we believe that the obtained parameter values are reasonable estimates, which capture the essential physics. (color online) Effect of the rate at which the Kelvin-Helmholtz instability develops on the front propagation. In the case of the left curve, the front is triggered by decreasing the stabilization field much below the critical field H AB at t = 0, which leads to an instantaneous start of the heat release. For the right curve, the field is reduced barely below the critical field. In this case, the dynamics of the instability event is slower and the start of the front propagation and thus, the energy dissipation, is delayed by about 300 s. For the left curve V f = 0.0134 mm/s and the fraction of the heat dissipated by the time the front reaches the end of the sample Q f /Q tot = 0.32. For the right curve, the corresponding values are V f = 0.0124 mm/s and Q f /Q tot = 0.28. The initial heating spike from the fast change in the barrier-magnet field is subtracted from both signals.
The characteristics of the thermal response depend on the initial vortex configuration and thus, on the triggering mechanism. Figure 5 shows the responses from two experiments. For the left curve, the front is triggered in a rapid reduction of the stabilization field substantially below the critical field H AB , while for the right curve the field is decreased only slightly below H AB . In the former case, the instability develops instantaneously, while in the latter case the response is delayed by about 300 s and the travel time is slightly longer, similarly to the example of the NMR signal in the bottom part of Fig. 2 . The A-phase-creation method always leads to an instantaneous start of the front propagation.
Conclusions
Both turbulent and laminar motion of quantized vortices in 3 He-B lead to the creation of quasiparticle excitations. Our bolometric techniques enable the direct detection of these excitations with a resolution of 0.1 pW in a sample rotating at ∼ 1 rad/s. The thermal signal from the turbulent vortex-front motion reveals that at low temperatures, where the mutual-friction coupling is rapidly reduced with decreasing temperature, the superfluid in the front partially decouples from the reference frame of the container. As a result, a major fraction of the free-energy difference between the vortex-free state and the equilibrium array of vortices is dissipated in a laminar spin-up of the superfluid component.
The reduced superfluid angular velocity is supported by the vortex-line tension caused by the difference in the precession frequencies of the front and the twisted bundle behind it. The line tension counteracts the mutual-friction force, which drives the superfluid to corotate with the container. A quantitative analysis of the decoupling will be published elsewhere.
The thermal signal also allows us to study the dynamics of the Kelvin-Helmholtz instability. Depending on how rapidly the instability develops, the injection process of the vortices escaping from the A to the B phase varies. If the interface is strongly perturbed, a turbulent burst setting the front into motion is created instantaneously, while with a weaker perturbance, the response is delayed and the front propagates slower.
